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TWO INVESTIGATIONS ON TRANSIT INSTRUMENTS 
l. INTRODUCTION 
1. Introductory.-The two investigations reported herein were 
made at different times and for different purposes. However, since 
they both pertain to the transit instrument, and both will be of inter-
est to anyone who has occasion to use this instrument, it is believed 
that both reports may well be published together. 
2. Acknowledgment.-This investigation has formed part of the 
work of the Engineering Experiment Station of the University of Illi-
nois, of which DEAN M. L. ENGER is the director, and of the Depart-
ment of Civil Engineering, of which PROFESSOR W. C. HUNTINGTON is 
the head. The procedure used in the second investigation, i.e., "Rela-
tion Between the Linc of Sight and the Objective Slide," was devised 
and supervised by MR. GEORGE H. DELL, Associate in Civil 
Engineering. 
II. A COMPARISON OF TRANSIT VERNIERS 
3. Purpose'.-The purpose of this investigation was (1) to com-
pare the errors of reading verniers on transits having (a) 1-min. 
verniers, and (b) 30~sec. verniers; (2) to compare the errors of read-
ing verniers on transits having circles of various diameters; (3) to 
compare the errors of setting verniers at zero; and (4) to compare the 
errors of each of the conditions mentioned for readings taken (a) with 
the naked eye, and (b) with a three-diameter magnifying glass. 
4. Procedure.-For this investigation seven transits were selected 
from the equipment used for instruction in surveying. The instru-
ments were chosen to provide a variety of sizes of circles, of vernier 
designs, of fineness of graduation lines, and of instrument makers. 
Before any readings were taken, the verniers and graduated circles 
were cleaned and polished. 
A special target -\vas drawn on heavy drawing paper showing a 
white strip ~ in. wide between two wide black bands. This target 
was pasted over the face of a level-rod target so that the center line 
of the white strip coincided with the zero line of the rod target. This 
target was then attached in the usual manner to a level rod which 
was supported in a horizontal position. Thus the vertical cross-hair 
of the transit bisected the white strip on the target, and the latter 
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could be slid along the rod in a horizontal direction, its position being 
read with the rod vernier to one thousandth of a foot. To facilitate 
the readings, five targets were mounted on the level rod. This special 
target .could be sighted more pre~isely than the common level-rod 
target. 
The transits were then set up over hubs at measured distances 
(about 200 ft.) from the rod. The five targets were then clamped at 
suitable intervals, and readings were taken at each transit as follows: 
(a) the vernier was set at zero with a six-diameter reading glass; (b) 
the vertical cross-hair was then set on the left-hand target, and the 
lower motion clamped; ( c) the upper motion was then released and 
the cross-hair set on the first target to the right and the vernier was 
read; (d) without resetting the vernier at zero, the uppermotion was 
released and set on the second target to the right and the vernier was 
read. Likewise, each of the four right-hand targets was sighted and 
the vernier read for each pointing, so that four angles we~e read for 
each setting of the vernier at zero; (e) the same procedure was fol-
lowed immediately with the next transit in the series, four angles 
being read; (f) after four readings had been taken with each of the 
transits, the verniers of the rod targets were read; (g) the four right-
hand targets were then shifted small (unmeasured) amounts and 
another series of four angles was read with each transit. 
From this procedure it is evident that each vernier reading on a 
transit measured the horizontal angle between the targets on the rod; 
i.e., between the left-hand target and one of the four targets to the 
right. Also, from the target readings on the rod, the values of the 
corresponding subtended angles could be computed correctly to the 
nearest second of arc. 
To compare the errors of reading angles both with and without a 
reading glass, two series of angles were measured with each transit. 
In the first series, after the vernier had been set at zero with the six-
diameter glass, the four angles were then read without a glass, i.e. with 
the naked eye. One hundred such readings were taken with each 
transit. 
Following this series of readings, another series was taken, in 
which, after the vernier had been set at zero' with a six-diameter 
glass, the four angles were read with the usual reading glass having a 
magnification of three diameters. One hundred such readings were 
taken with each transit. Thus, in Figs. 2 and 3 these two series of 
readings are designated . as "without glass" and "with glass" 
respectively. · · 
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FIG. 1. GRADUATIONS OF CIRCLES AND VERNIERS OF 
TRANSITS C, D, AND G 
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It should be noted that in these figures, transit "G" is shown in 
the series "with glass" only. The reason for this was that the vernier 
lines were so fine (see Fig. 1) that they could not be read with 
confidence without a glass. 
It should be added that actually the vernier was not set at zero, 
but at some even 10-deg. mark on the graduated circle. Then when 
a second series of four angles was to be measured, the plate was 
shifted 20-deg., so that the errors in the graduations would be 
averaged over the circle. 
The character of the graduations of the circles and verniers of 
instruments C, D, and G are shown in Fig. 1. 
All of the observations in this investigation were made by the 
writer. 
5. Data.-The principal results of the observations are shown in 
Figs. 2 and 3. Fig. 2a shows that, for the series of 100 readings taken 
without a glass, the probable error (P.E.) of reading a vernier, varies 
from 12 sec. for transit D, to 20 sec. for transit C. Also, for the series 
of 100 readings taken with a glass, Fig. 2b, the probable errors vary 
from 9 sec. for transit D, to 15 sec. for transit E. The graph for 
transit G is separated from the others because, as stated previously, 
it was not included in the series taken without a glass, on account· of 
the fineness of the lines. 
Likewise, Fig. 3a shows that the probable error of setting a vernier 
at zero, without a glass, varies from 10 sec. for transit D to 22 sec. for 
transit F. For the series taken with a reading glass, Fig. 2b, the 
probable errors vary but little, from 6 sec. to 8 sec. 
It may be recalled that, in reading the angles between targets, the 
left-hand target was sighted after the vernier had been set at zero 
with a 6-diameter magnifying glass. Accordingly, it was thought 
desirable to determine the probable error of setting the target at zero 
with this glass. For this purpose transits D and· F were selected at 
random and 20 settings were made with each transit. The resulting 
probable errors were 4.5 sec. and 3.6 sec. respectively, or an average 
of 4.0 sec. for both instruments. Since the variations between the 
transits in the series 3b were so small, and since these two values were 
likewise so nearly equal,.it was not thought necessary to include other 
transits in this particular investigation. 
6. Analysis of Data. (a) The Probable Error.-The measure of 
precision in the observed data in this investigation is the probable 
error of a single observation. This term may be defined as follows: 
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Fm. 3. PROBABLE ERROR IN SETTING VERNIER 
the probable error of a single observation in a series is of such a 
magnitude that the number of errors greater is the same as the num-
ber of errors less than the probable error. It was computed as 
E = -+- 0.845 v, in which E is the probable error, and v is the average 
error found by subtracting each observed value in a series from the 
mean value of the series. 
(b) Control of Other Errors.-The mE)asureiirnnt of an angle with 
a transit is affected by various sotirces of error other than setting the 
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vernier at zero and in reading the vernier. The possible effects on 
the data of this investigation of these sources of error. may now be 
discussed. 
The Error of Sighting 
The probable error of sighting a target under the conditions of 
this investigation was found by a series of readings in which the tele-
scope of the transit remained stationary, but the target was shifted 
between sights and brought back into line by signals from the ob-
server. From a series of 20 observations the probable error was found 
to be -+- 2 sec. This error is small compared with the error of reading 
the vernier, and its effect would not vary much for the different instru-
ments, and hence this source of error could not be serious. 
Eccentricity 
The angles measured in this study varied from 10 min. to 45 min. 
and, for such small angles, the error due to the eccentricity of the 
plates would be negligible. 
Graduations 
It is possible that the errors in the graduations of the different 
instruments arc evident in the data observed, in fact, it was the pur-
pose of the investigation to discover such errors, but any constant 
error from this source for any given transit was eliminated by taking 
the readings over the range of the graduated circle. 
Reading the Verniers on the Rod 
The rod and targets were new and of excellent design, so that the 
rod-verniers could be read easily to the nearest 0.001 ft. and this 
value corresponds to 1 sec. at the distance used in the investigation. 
Hence, this source of error was quite negligible. 
Miscellaneous 
Other sources of error due to the weather conditions varied from 
day to day, but invariably all instruments were set up each day and 
observations taken in rotation, so that any variations in results due 
to the weather conditions would affect all readings alike. 
All readings, with the reading glass and without, were taken to 30 
sec. With the one-minute verniers, this required the half-minutes to 
be estimated. Accordingly, the average theoretical· error for a large 
number of perfect readings would be 7Y:i sec., and it might be thought 
that this number should be subtracted from the observed probable 
errors. But, since this theoretical average error would be identical for 
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each instrument, there seems to be no good reason why the actual 
observations should not be used in a comparative study of the errors 
in vernier readings. . 
(c) Effect of Size of Circle.-lt is evident from the results ob-
tained that the smaller circles rated about as well as the larger ones. 
While it is true that a 6}:1-in. transit heads each list, it is also true 
that a 5~-in. or a 5Ys-in. transit is second in every list. Also, a 6}:1-in. 
transit is at the bottom, or next to the bottom, of every list. It should 
be added that transit G, used in both series with the reading glass, is 
not entered according to rank. 
(d) Comparison of 1-min. and 30-sec. Verniers.-As regards the 
merits of ~he 30-sec. verniers, it may be noted that in each list transit 
C, which has a 30-sec. vernier, is at the bottom, or next to the bottom, 
of the list; and that transit G, Fig. 2b, would be at the head of the 
list if it were ranked with the other instruments. The explanation for 
this rather notable discrepancy seems to be that the graduation lines 
of transit C are coarse with rounded grooves, whereas those of transit 
G are very fine with sharp grooves. However, it may be added that 
even transit G has but a slightly smaller probable error than transit 
D which has a 1-min. vernier. Hence, it is evident that a 30-sec. 
transit may be definitely inferior to other 1-min. transits as regards 
the error of reading the vernier, or of setting the vernier at zero. 
. (e) Setting Verniers at Zero.-lt is· important to compare the 
errors in the series of Fig. 2a and 2b (error of reading a vernier) with 
the corresponding errors in the series. of Fig. 3a and 3b (error of 
setting a vernier at zero). Before this comparison is made, however, 
·it will be necessary to consider the condition that the errors in both 
series 2a and 2b include the effect of setting the vernier at zero with 
the 6-diameter glass when sighting the left-hand target, as explained 
on p. 6. 
According to the theory of errors, we have the relation that 
E; = Ei + EL in which Et is the total probable error due to the 
combined effect of the two separate probable errors, E1 and E2. 
· In this case, let E 1 represent the error of setting the vernier at zero 
with a 6-diameter glass (4 sec., see p. 8); also let E 1 represent the 
total probable error of reading a vernier, which for a particular 
transit in series 2a, say transit D, is 12 sec. Then E 2 will represent 
the error due to reading the vernier only, and its value for this transit 
is found as follows: · 
E 2 = '\JE~ - Ei = '\/122 - 42 = ± 11 sec. (very nearly). 
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The corresponding error for this transit in Fig. 3a is ± 16 sec., 
showing that .for this transit the error of setting the vernier at zero 
without .a glass ( + 10 sec.) is nearly as large as the error of reading 
the vernier ( ± 11 sec) . 
Likewise, the comparison may be made for each transit between 
the error shown in series 2a and the error shown in series 3a. Also, the 
compari,son may be made for each transit between the error shown in 
series 2b and the error shown in series 3b. 
From this analysis and these comparisons it is plain that the 
error of setting the vernier at zero constitu~es a large part of the 
total error of reading a vernier under ordinary conditions where the 
vernier is set at zero, either with the naked eye, or with a 3-diameter 
glass. 
(f) Combined Errors of Reading a Vernier.-The total probable 
error of the combined effects of reading a vernier and of setting the 
vernier at zero may now be computed. If we consider transit D, it 
has been already computed that the probable error of reading .the 
vernier only without a glass (deducting the effect of setting the 
vernier at zero) was 11 sec.; also, that the probable error of setting 
the vernier at zero, without a glass, was 10 sec. Accordingly, the com-
bined effect of both errors, namely, that of reading the vernier (with-
out a glass) and that of setting the vernier at zero (without a glass) 
may be computed as follows: · 
E1 = '\/ll2 + 102 = ± 15 sec. (very nearly). 
Results of similar computations for all the transits are shown m. 
Table 1. 
TABLE 1 
PROBABLE ERRORS IN READING ANGLES 
Without Glass With 3-diameter Glass 
Probable Probable 
Transit Error Transit Error 
sec. sec. 
A 18 A 13 
B 23 B 11 
c 28 c 14 
D 15 D 11 
E 23 E 15 
F 27 F 11 
- G 9 
Average ......... 22 Average ......... 12 
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The data of Table 1 show that for this series of transits the aver-
age probable error of reading an angle without a glass, 22 sec., was 
about double the error of reading with a 3-diameter magnifying 
glass, 12 sec. 
It should be added that th.ese values do not represent the errors 
that would result in measuring angles under field conditions since, as 
already stated, this investigation was carefully designed to eliminate 
all sources of error except those of reading the vernier and of setting 
the vernier at zero. 
(g) Data from Field W ork.-In the matter of precision in reading 
angles. with the ordinary transit, it may be of interest to record some-
thing of the writer's experience. On the deep waterway surveys on 
the Illinois River in 1928, a chain of single triangles was extended 
down the river a distance of about 40 miles. Each angle was meas-
ured by a double repetition both with the telescope direct, and with 
the telescope reversed. Two Berger transits and three-diameter read-
ing glasses were used. One transit had a 5'Y:i-in. circle and the other 
had a 6*-in. circle. With this equipment and procedure the average 
station closure of four angles was ± 15 sec.; and the average closure 
of each triangle (after the station errors had been adjusted) was also 
-+- 15 sec. As between the two instruments having different sized 
circles, no difference in the resulting errors could be noticed. 
In executing a simple quadrilateral triangulation system on the 
campus of the University, using good transits with I-min. or 30-sec. 
verniers, each angle is measured with 6 repetitions, telescope direct, 
and 6 repetitions, telescope reversed. By this method the average 
station closure of three angles is about ±5 sec., and the average 
triangle closure, after the station errors are adjusted, is also ±5 sec. 
7. Conclusions.-The writer is aware of the limitations of this 
investigation, and does not suppose that the results recorded here 
would apply to all transits under all conditions. Observations of this 
kind are peculiarly susceptible to the personal errors of sight and 
touch, and it is quite possible that another observer would find some-
what different results. It was for this reason that a comparatively 
large number of readings was taken on each of a few transits, rather 
than a few readings on a large number of instruments. Further, since 
all observations were made by the writer, it may be supposed that, 
whatever personal equation was operative, it affected the results 
consistently, and, accordingly, the comparative values are not thereby 
impaired. 
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Under these limitations the results of this investigation warrant 
the following conclusions: ( 1) as between the different sizes of circles 
from 5Ys-in. to 6*-in., no difference in the accuracy of vernier read-
ings was evident; (2) one 30-sec. ve~nier was decidedly inferior to 
other 1-min. verniers, and the other 30-sec. vernier, on an instrument 
of excellent design and workmanship, was but very little superior to 
at least three other 1-min. verniers. The desired precision seemed to 
be conditioned more by the fineness of the lines, the precision of the 
graduations and the general workmanship than by the least count of 
the vernier; (3) the error of setting a vernier at zero constitutes a 
large part of the error of reading an angle with a vernier; (4) the 
probable error, with the average transit, of measuring an angle with-
out a reading glass, (i.e., of setting the vernier at zero and of reading 
the vernier, but not including other sources of error) was 22 sec.; 
and, similarly, the probable error of measuring an angle with the 
average transit and using a 3-diameter reading glass was 12 sec., or 
about half of the error resulting in reading without a glass. 
III. RELATION BETWEEN LINE OF SIGHT AND Axis OF 
OBJECTIVE SLIDE IN TRANSIT TELESCOPES 
8. Purpose.-Whenever an instrumentman sights an object he must 
focus the objective lens. This is accomplished in various ways on 
different instruments, but a focusing movement is always necessary. 
When the lens is moved inward or outward it will cause a deviation 
of the line of sight unless the axis of the objective slide is parallel 
with it. Most textbooks on surveying describe the test and adjust-
ment for this condition, but it is a delicate adjustment, and is not 
often attempted by engineers in the field. Accordingly, it seemed 
desirable to determine the importance of this relation in the telescopes 
of .surveying instruments, especially for those which have been in 
service many years, and the tests which are reported in the following 
were made for this purpose. 
9. M ethod.-The instruments tested included most of the transits 
in the equipment of the Civil Engineering Department, comprising 
29 transits by ten different makers. The years of service ranged from 
3 to 39, the average being 15 years. 
The apparatus consisted of a substantial frame of 2 in. by 4 in. 
pieces formed by two vertical posts planted firmly in the ground 
about two feet apart, and standing about six feet high, with cross-
pieces placed so that two scales could be firmly fixed, one in a truly 
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horizontal and the other in a truly vertical position. By means of a 
suitable arrangement the scales were subject to a small amount of 
lateral and vertical movement. 
A transit whose telescope was to be tested was set up at a meas-
ured distance of 10 ft. from the frame supporting the scales, and in 
such position that a definite distant point (one-half mile away) was 
in view directly behind the scales. With the transit in this position, 
the scales on the wooden frame were adjusted so the position of the 
vertical cross-hair could be read on the horizontal scale, and the 
position of the horizontal cross-hair could be read on the vertical scale. 
The manner of observing was as follows: The vertical cross-hair 
was first sighted accurately on the distant point and all clamps set. 
Then the telescope was focused on the scale, 10 ft. distant, and the 
position of the cross-hair was read on the horizontal scale. The instni-
ment "was then reversed ·and the cross-hair again sighted on the 
distant point; then the telescope was again focused on the near-by 
scale, and the position of the cross-hair again read on the horizontal 
scale. 
Obviously, by this procedure, any deviation between the axis of 
the objective slide and the line of sight, as indicated by the vertical 
cross-hair, would be made apparent by the difference in the two 
scale readings. The measured deviation would be, of course, double 
the error, the angular value of which could be computed from the 
measurements taken. 
In like manner ·the deviation of the objective slide, as measured 
by the horizontal cross-hair, was measured. 
Two observers made separate tests of each instrument, and each 
observer made two complete tests both for the horizontal and for the 
vertical collimation. · 
The scales were graduated 20 parts to the inch, and in all readings 
estimation was made to the tenth of a division. Hence each reading 
was taken to the nearest 0.005 inch~ The record for transit No. 3 is 
given in Table 2, and may be explained as follows: for the horizontal 
scale, line 1 shows that, for Observer A, the scale readings were 
3.53 and 3.56 for the' direct and the reversed positions of the transit. 
The difference is 0.03 of the scale units, or 0.015 in. A second test 
made by the sa~e observer, is shown on line 2, as 4.22 and 4.25, giving 
a difference of 0.03 scale units, which is the same as his first test 
determination, and the mean is therefore, 0.03. Another observer, B, 
took the readings recorded on lines 3 and 4, the difference between the 
direct and reversed position of the telescope being 0.01 of the scale 
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units for each pair of test observations. The mean is therefore, 0.01 
scale units. 
Two similar separate tests were taken by observers A and B with 
respect to the vertical scale. 
The average of the means for observers A and B for the horizontal 
scale readings is 0.02 scale units, or 0.01 in. This is converted into 
seconds of arc by multiplying by a factor of 430 determined by the 
conditions of the apparatus. Hence, the angle of deviation of the 
horizontal line of sight of this transit is 8.6 sec., recorded as 9 sec. in 
Table 3, line 1. 
The permissible errors in the readings were as follows: for a given 
observer, the difference between his two tests for a given transit was 
not permitted to exceed 3 scale units, or 0.015 in.; also, the difference 
between the means as found by observers 4 and B was not permitted 
to exceed 2 scale units, or 0.01 in. 
TABLE 2 
SAMPLE RECORD OF TEST DATA 
Horizontal Scale Vertical Scale 
Instru- Ob-
ment server Re- Angle Re- Angle Direct versed Diff. l\Iean sec. Direct versed Diff. Mean sec. 
----------------------------------
3 A 3.53 3.56 0.03 .... 12.28 12.29 0.01 .... . ... A 4.22 4.25 0.03 0.03 .... 12.33 12.36 0.03 0.02 . ... B 3.58 3.59 0.01 .... 0.64 0.64 0.00 . ... .... B 3.84 3.85 0.01 0.01 .... 0.50 0.50 0.00 0.00 . ... 
-
-Average ..... 0.02 8.6 Average ........ 0.01 4.3 
TABLE 3 
RESULTS OF TESTS OF OBJECTIVE SLIDES 
Deviation in seconds Deviation in seconds 
Transit Years of of arc Transit Years of of arc No. Service No. Service 
Horizontal Vertical Horizontal Vertical 
3 .......... 3 9 4 22 .......... 18 5 5 29 .......... 3 14 3 7 .......... 20 12 10 18 .......... 4 2 1 9 .......... 22 6 17 14 .......... 4 2 7 6 .......... 23 10 9 15 .......... 5 19 3 1 .......... 25 0 11 19 .......... 5 19 10 5 .......... 25 11 7 20 .......... 5 4 2 28 .......... 25 13 4 25 .•........ 5 0 14 10 .......... 27 12 3 2 .......... 6 5 6 17 .......... 27 9 13 8 .......... 6 17 34 21. ......... 27 13 9 24 .......... 7 4 0 27 .......... 27 0 58 12 .......... 11 91 17 4 .......... 28 16 16 16 .......... 12 12 35 13 .......... 30 0 5 26 .......... 15 4 3 23 .......... 39 5 11. ......... is 39 2 
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10. Analysis.-The magnitude of the error was, for all but five 
instruments, less than 20 seconds of arc. The median value was 10 sec. 
The conditions of the test were extreme, i.e. the range of focusing 
was great, and in practice the magnitude of the error would seldom 
equal, and under average conditions would be probably not greater 
than, one-fourth of the amounts found by the. tests. 
In transit work of such precision that the error from the source in 
question would be important, the method of double sights would be 
used, and thus the erro·r would be eliminated. 
As regards this source of error when the telescope is used in level-
ing work, the magnitude of the error varies directly with the distance 
to the rod, and hence, for readings at short distances, the error be-
comes relatively small. Thus a deviation of 30 sec. amounts to 0.045 
ft. at 300 ft., and 0.0045 ft. at a distance of 30 ft. Since the instru-
ment is tested and adjusted for leveling at a distance of approximately 
300 ft., and since most rod readings are taken a_t distances less than 
300 ft., the resulting errors arising from this source would become 
effective only as the instrument is focused for shorter sights, and since 
the magnitude of the error decreases with the distance to the rod, it is 
evident that the error is of negligible magnitude. In general a read-
ing is not often taken at a distance greater than 300 ft., and for any 
such readings the change in focus is exceedingly small and the effect 
may be disregarded. 
If any instrumentman cares to make the test indicated in the fore-
going he can readily determine whether or not his instrument is the 
exceptional one for which this relation is not within proper limits. A 
deviation of one minute of arc will be indicated by a discrepancy of 
0.006 ft. between two positions of the cross-hairs at a distance of 10 ft. 
It might be expected that there would be some correlation between 
the amount of wear of the objective slide, as indicated by the years 
of service, and the error in the line of sight. Howenr, no such corre-
lation was found, and evidently the magnitude of this error depends 
more on the excellence of manufacture when new than on the effect 
of wear. 
11. Conclusions.-The results obtained in these tests on the ob-
jective slides of transits seem to warrant the following conclusions: 
(1) the effect of wear in the objective slide is negligible; (2) the 
seriousness of this source of error for both transit and level work, in 
all but exceptional instruments, is slight; and (3) except for work 
of the highest precision, the adjustment for this condition is 
unimportant. 

